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Background: Differences in tibiofemoral articular morphology are associated with risks of anterior cruciate ligament (ACL) injury.
Purpose: To determine whether bony and cartilaginous morphological characteristics are related to ACL injury in pediatric patients
and to investigate any differences according to sex.
Study Design: Cohort study; Level of evidence, 3.
Methods: A total of 200 skeletally immature Korean patients from a single institution were included in this study; 100 patients had
an ACL injury, and 100 had an intact ACL. Condylar morphology and tibial slopes were evaluated and compared between the
groups, and differences between sexes were evaluated in the ACL-injured group.
Results: The lateral femoral curvature was significantly greater and the lateral and medial tibial curvatures were significantly
smaller in the ACL-injured group than in the intact group (P < .01 for all). In addition, the lateral and medial femoral curvatures as
well as the lateral tibial curvature were significantly smaller in female than in male patients (P < .01 for all). Both the medial and
lateral tibial slopes were greater in the ACL-injured versus intact group (medial slope, 5.5 vs 5.0; lateral slope, 3.0 vs 1.3,
respectively); this difference was statistically significant for lateral tibial slope (P ¼ .026). No sex-based differences were found for
medial or lateral tibial slope.
Conclusion: Femoral and tibial curvatures as well as lateral tibial slope were significantly different between the ACL-injured and
ACL-intact patients, and the lateral tibial curvature was significantly smaller in female than in male patients. Medial and lateral tibial
slopes were not associated with a significant difference in ACL injury between male and female patients.
Keywords: Korean pediatric patients; morphometry; femoral condyle; tibial condyle; tibial slope
Pediatric and adolescent sports medicine is a subspecialty
niche in orthopaedics that has shown exponential growth in
the past 10 years due to new cultural trends and activity
patterns among young people.19 Anterior cruciate ligament
(ACL) injury in skeletally immature patients has received
particular attention.26 The increase in such injuries is mul-
tifactorial, including increased sports participation, earlier
sport specialization, year-round play, increased injury rec-
ognition, and increased use of magnetic resonance imaging
(MRI).1,2
Normal morphological characteristics, signal character-
istics, and the position and morphology of the ACL in MRI
are well-described in adults.17,18 However, interpreting
diagnostic images in children requires a comprehensive
understanding of normal, developmental-related changes
and injuries that are unique to the immature skeleton.11
Variations in bony morphology are thought to be associated
with the risk of ACL injury.8,9 In addition, multiple ana-
tomic features of the tibial plateau and femoral condyle
have been suggested as potential risk factors for ACL
injury.21,22 Despite the well-established role of those ana-
tomic features in ACL injury risk, it remains unclear how
they develop in pediatric patients. A previous study showed
that small intercondylar notch dimensions correlate with
an increased risk of ACL rupture on the femoral side.24
Similarly, medial tibial slope is increased in pediatric popu-
lations according to a study using plain radiographs.27
Hashemi et al8,9 noticed differences between male and
female participants in the slopes of the medial and lateral
proximal aspects of the tibia in both the sagittal and coronal
planes and identified those slopes as potential risk factors
for ACL injury. In addition, increased posterior slope
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causes greater anterior translation of the tibia during sim-
ple weightbearing activities, which increases strain on the
ACL during substantial compressive loads.3 However, 2
meta-analyses found opposing conclusions.29,31 These
inconsistencies could be due to differences in inclusion and
exclusion criteria, imaging examination, method of diagno-
sis, reference axis, low participant enrollment, study type,
methodological quality, and countries or origins.32
Wahl et al28 showed that lateral sagittal tibiofemoral
articular geometry can play a role in the development of
noncontact ACL injuries. However, no previous study has
evaluated tibial slope and tibiofemoral articular geometry
simultaneously in the sagittal plane or found a relationship
with ACL injury in pediatric patients. In addition, whether
sex-based anatomic differences in the knee occur in pediat-
ric patients has not yet been determined.
The purpose of this study was to determine whether
sagittal bony morphological characteristics are associated
with ACL injuries in a pediatric population. The tibiofe-
moral articular morphology was also compared to investi-
gate the effect of sex. Femoral and tibial curvatures as well
as the posterior tibial slope were evaluated. We hypothe-
sized that the lateral tibiofemoral articular morphological
characteristics would be different in pediatric patients
with versus without ACL injury and that these differences
would be sex-related.
METHODS
This study was approved by an institutional review board. A
chart review identified all patients who had presented to our
institution’s pediatric orthopaedic clinic between 2004 and
2020 for knee pain or clinically suspected knee pathology. The
inclusion criteria were skeletally immature, consecutive pedi-
atric patients (18 years) and the availability of knee MRI
scans of suitable quality indicating definite ACL tears. Exclu-
sion criteria were evidence of intra-articular injuries that pre-
cluded the measurement of chondral anatomic features or
concomitant injuries to other ligaments. Patients who had
deformed bony structures caused by bone tumors, physeal
arrest, osteochondral fracture, or patellar dislocation were
also excluded from this study. A total of 100 patients with
ACL injury were selected (injured group).
A case-control design was used to minimize potential
confounding from variables that could be associated with
both tibiofemoral morphology and ACL injury. We retro-
spectively selected a control group of 100 patients, matched
by age and sex with the study group, who had MRI scans
that showed no ACL injury (intact group). The MRI diag-
noses of the intact group are listed in Table 1.
MRI scans were acquired using a 3.0-T MRI scanner
(Philips Medical System) with a 3-dimensional, proton den-
sity, volume isotropic turbo spin-echo acquisition (3D PD
VISTA SPAIR) sequence, which is useful for evaluating
ligaments and cartilage in the joint. Imaging was per-
formed with 1400-ms repetition time, 33-ms echo time,
0.5-mm slice thickness, 160-mm field of view, 90 flip angle,
320  320 matrix, and 357 Hz/pixel bandwidth.
MRI scans were transferred in Digital Imaging and Com-
munications in Medicine format from our institution’s elec-
tronic picture archiving and communication system software
(Centricity; GE Healthcare). The sagittal slices were
imported into NX software (Version 11; Siemens) to measure
the radius. The posterior tibial slope was measured in
Mimics software (Version 17.0; Materialise). The procedures
used to measure the femoral and tibial curvature (Figure 1)
and posterior tibial slope (Figure 2) were consistent with
those described in previous studies.8,15 Two independent
observers blinded to the participants’ medical history mea-
sured the curvature and posterior tibial slope on the MRI
scans. To evaluate intra- and interobserver variability, the
MRI scans were remeasured >1 week after the initial mea-
surements by the same 2 observers.
Statistical Analysis
The arithmetic means, standard deviations, and 95% CIs
were calculated to describe the morphological data.
TABLE 1





Chondromalacia of patella 4
Osteochondroma 3
Osgood-Schlatter disease 3
Sprain of the vastus lateralis muscle 3
Discoid meniscus 3
Medial plica syndrome 1
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Statistical data were analyzed using SPSS (Version 18.0,
IBM), and the Student t test was used to examine the sig-
nificance of the differences between groups. The chi-square
test was used to examine the difference in categorical data.
The differences were regarded as significant when P <.05.
A power analysis was conducted in a post hoc manner using
G power 3.1. The input parameter was the tibial lateral
radius of intact and injured patients. The alpha value was
Figure 1. Measuring the femoral curvature on magnetic resonance imaging. (A) Three sagittal sections were created on the coronal
plane of the femur: the middle section of the femur (dashed red line), the lateral condyle (dashed blue line), and the medial condyle
(dashed green line). (B) On the sagittal section of the dashed red line in (A), the longitudinal femoral axis (solid red line) was
determined by connecting the centers of 2 best-fit circles. (C) The lateral femoral curvature radii (solid blue lines) were determined
using a Fibonacci spiral on the sagittal plane of the dashed blue line in (A). (D) The medial femoral curvature radii (solid green lines)
were determined on the sagittal plane of the dashed green line in (A). The femoral lateral and medial anteroposterior lengths were
also determined on the sagittal plane.
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.05, and the statistical power was 90.6%. The target power
of previous studies was 80%,12,15 making the power value of
this study higher than that in previous studies.
RESULTS
All study patients were aged between 3 and 18 years, and
76% were male. No significant differences were noted in age
or sex distribution between the intact and injured groups
(Table 2). The intra- and interobserver reliabilities of the
MRI measurements were 0.87 and 0.92, respectively, as
calculated using the intraclass correlation method. This
indicated excellent reliability.
Table 3 shows the femoral and tibial AP lengths and cur-
vatures in the intact and injured groups. The lateral and
medial AP lengths of the femur and tibia did not differ signif-
icantly between the groups; however, there were significant
Figure 2. Measuring the tibial curvature on magnetic resonance imaging. (A) Three sagittal sections were created on the proximal
transverse plane of the tibia: the middle section of the transverse tibia (dashed red line), the lateral tibial plateau (dashed blue line),
and the medial tibial plateau (dashed green line). (B) On the sagittal section of the dashed red line in (A), the longitudinal tibial axis
(solid red line) was determined by connecting the centers of 2 best-fit circles. (C) The lateral posterior tibial slope was determined
by connecting the anterior aspect of the anterior horn and the posterior aspect of the posterior horn of the meniscus on the sagittal
plane of the dashed blue line in (A). (D) The medial posterior tibial slope was determined by connecting the posterior aspect of the
anterior horn and the posterior aspect of the posterior horn of the meniscus on the sagittal plane of the dashed green line in (A). The
tibial lateral and medial anteroposterior lengths were also determined on the sagittal plane. The posterior tibial angle was deter-
mined as the angle between the posterior tibial slope line and longitudinal tibial axis.
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differences in the curvature of the lateral femoral condyle and
the medial and lateral tibial plateaus (P< .01 for all) (Table 3).
When results were compared by sex, the medial and lat-
eral anteroposterior (AP) lengths of the femur and tibia
were significantly greater in male than in female patients
(P < .01) (Table 4). The medial and lateral curvature in the
femur and the lateral curvature in the tibia were also sig-
nificantly greater in male than in female patients (P < .01).
However, the tibial medial curvature did not differ by sex
(Table 4).
The lateral tibial slope was significantly greater in
the injured group versus the intact group (3.0 ± 5.6 vs
1.3 ± 4.9; P ¼ .026). The medial tibial slope did not differ
significantly between the groups (Table 5). When results
were compared by sex, the lateral and medial tibial slopes
did not differ significantly (Table 6).
DISCUSSION
The most important finding of this study is that significant
morphological differences were seen between lateral fem-
oral and tibial curvature and lateral tibial slope between
patients with and without ACL injuries. In addition, sex
differences were found in the femoral and tibial curvatures,
except for the medial tibial curvature. The medial femoral
curvature and medial posterior tibial slope did not differ
between patients with and without ACL injuries, and no
sex difference was found in the medial and lateral posterior
tibial slopes.
The prevalence of ACL injuries emphasizes the need for
further investigation of the factors associated with these
injuries.28 Previous studies found bony morphology to be
a risk factor for ACL injury.6,27,28 The femur has a nearly
TABLE 4
Anteroposterior Lengths and Sagittal Curvatures Between Female and Male Patientsa
Parameter All (N ¼ 200) Female (n ¼ 51) Male (n ¼ 149) P Value
Anteroposterior length, mm
Femur: lateral 65.1 ± 8.1 (32.2-78.5) 60.7 ± 5.7 (44.6-69.3) 66.7 ± 8.3 (32.2-78.5) <.01
Femur: medial 56.3 ± 7.6 (31.1-70.1) 52.8 ± 7.9 (31.1-70.1) 57.6 ± 7.9 (31.1-70.1) <.01
Tibia: lateral 43.4 ± 6.7 (23.8-56.7) 38.8 ± 4.6 (27.5-47.1) 45.1 ± 6.6 (23.8-56.7) <.01
Tibia: medial 52.0 ± 7.7 (28.7-64.7) 46.5 ± 4.6 (34.5-53.9) 54.0 ± 7.6 (28.7-64.7) <.01
Sagittal curvature, mm
Femur: lateral 22.7 ± 3.6 (13.3-30.6) 21.2 ± 3.0 (13.3-28.5) 23.2 ± 3.6 (13.3-30.6) <.01
Femur: medial 24.9 ± 4.4 (11.7-35.7) 23.5 ± 3.4 (15.2-32.7) 25.4 ± 4.6 (11.7-35.7) <.01
Tibia: lateral 41.3 ± 8.6 (19.3-67.5) 37.5 ± 6.7 (24.2-54.8) 42.6 ± 8.8 (19.3-67.5) <.01
Tibia: medial 50.9 ± 12.2 (27.6-89.0) 57.4 ± 14.4 (30.0-89.0) 50.2 ± 11.3 (27.6-82.9) .18
aData are reported as mean ± SD (range). Bolded P values indicate statistically significant difference between female and male patients (P< .05).
TABLE 3
Anteroposterior Lengths and Sagittal Curvatures Between the Intact and Injured Groupsa
Parameter All (N ¼ 200) Intact ACL (n ¼ 100) Injured ACL (n ¼ 100) P Value
Anteroposterior length, mm
Femur: lateral 65.1 ± 8.1 (32.2-78.5) 64.4 ± 8.1 (32.2-77.8) 65.8 ± 8.2 (34.4-78.5) .24
Femur: medial 56.3 ± 7.6 (31.1-70.1) 55.5 ± 7.9 (31.5-70.1) 57.1 ± 7.2 (31.1-68.4) .14
Tibia: lateral 43.4 ± 6.7 (23.8-56.7) 43.5 ± 7.1 (25.9-55.6) 43.4 ± 6.4 (23.8-56.7) .92
Tibia: medial 52.0 ± 7.7 (28.7-64.7) 51.4 ± 7.7 (30.9-62.6) 52.5 ± 7.7 (28.7-64.7) .31
Sagittal curvature, mm
Femur: lateral 22.7 ± 3.6 (13.3-30.6) 22.0 ± 3.5 (13.3-29.8) 23.4 ± 3.5 (15.2-30.6) <.01
Femur: medial 24.9 ± 4.4 (11.7-35.7) 24.4 ± 4.5 (14.0-35.7) 25.3 ± 4.2 (11.7-34.9) .14
Tibia: lateral 41.3 ± 8.6 (19.3-67.5) 43.1 ± 8.5 (20.9-63.5) 39.6 ± 8.4 (19.3-67.5) <.01
Tibia: medial 50.9 ± 12.2 (27.6-89.0) 57.4 ± 10.7 (27.6-89.0) 44.9 ± 10.4 (28.3-74.2) <.01
aData are reported as mean ± SD (range). Bolded P values indicate statistically significant difference between the intact and injured
groups (P < .05). ACL, anterior cruciate ligament.
TABLE 2
Patient Age and Sex Distribution Between the Intact and Injured Groupsa
Parameter All (N ¼ 200) Intact ACL (n ¼ 100) Injured ACL (n ¼ 100) P Value
Age, y, mean ± SD (range) 14.4 ± 3.7 (3-18) 14.4 ± 3.6 (3-18) 14.5 ± 3.8 (3-18) .66
Sex, female/male, n 52/148 25/75 27/73 .78
aACL, anterior cruciate ligament.
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spherical geometry at its contact point with the tibia.20 The
morphology of the lateral tibial plateau changes substan-
tially from its medial aspect at the tibial spine to its lateral
edge because the medial and lateral tibial plateaus are
slightly concave and convex, respectively.16 Wahl et al28
showed that lateral knee geometry characterized by a smal-
ler tibial plateau length relative to the femur and more
convex articulating surfaces of the proximal aspect of the
tibia and the distal aspect of the femur is more common in
patients with ACL injuries than in patients without such
injuries. However, participants in previous studies were
adults, and only the lateral tibiofemoral joint was investi-
gated.28 We investigated the medial and lateral curvatures
of the femur and tibia in pediatric patients with and with-
out ACL injuries. Our results showed that all factors except
femoral medial curvature differed significantly between
patients with and without ACL injuries, which was consis-
tent with the results of a previous study.28 However, we
found no significant difference in AP length between
patients with and without ACL injuries, which differed
from the results of that study.28 Those morphometric char-
acteristics are associated with genetic, environmental, and
cultural conditions, as well as lifestyle, health, and func-
tional status, which makes it difficult to provide a standard
interpretation of their values.14
Anthropometric sex differences that represent potential
risk factors for ACL injury have been widely investi-
gated.24,28 It is likely that noncontact ACL injuries are
caused by a combination of variables.24,28 We found sex-
related differences in AP length and all curvatures except
medial tibial curvature. The values from female patients
were significantly smaller than those from male patients,
which is consistent with previously published
results.5,13,28,30 Our measurements for AP length and cur-
vature were smaller than in previous studies because we
tested pediatric patients, whereas the previous studies
examined adults. In addition, the tibial plateau AP length
relative to the femoral AP length differed significantly
between male and female participants, with the female
tibial lateral plateau being relatively shorter and more
convex.
Most previous studies showed an increased risk of ACL
tears in adults with increased tibial slope.6,21,23,27 An
increase in athletic activity and increased recognition of the
injury have led to an increase in the number of ACL injuries
diagnosed in pediatric patients. A previous study compared
the posterior tibial slope on radiographs between 32 ACL-
injured participants with open physes and controls and
found a moderate association between increased posterior
tibial slope and ACL injury in pediatric patients.27
Although that study provided useful initial data from this
unique population, those researchers measured the medial
and lateral tibial plateaus using radiographs, thereby
potentially ignoring asymmetry in the medial and lateral
aspects of the tibia. For many reasons, MRI is considered
superior to radiography for measuring the posterior slope
in pediatric patients.6
Dare et al6 reported that the lateral posterior tibial slope
in patients without an ACL injury was 3.38 ± 1.70 and the
medial posterior tibial slope was 5.08 ± 2.25, whereas
lateral posterior tibial slope in patients with an ACL injury
was 5.66 ± 2.38 and medial posterior tibial slope was 5.39
± 2.22. In our results, the lateral posterior tibial slope in
patients without an ACL injury was 1.3 ± 4.9 and the
medial posterior tibial slope was 5.0 ± 5.4, whereas the
lateral posterior tibial slope in patients with an ACL injury
was 3.0 ± 5.6 and the medial posterior tibial slope was 5.5
± 5.7. Thus, our study showed that the lateral posterior
tibial slope in the ACL-injured patient group was signifi-
cantly greater than that in the uninjured patient group.
The medial posterior tibial slope was also greater but with-
out significance. Those results are similar to those reported
by Dare et al.6 Another previous study suggested that
increased lateral posterior tibial slope relative to medial
posterior tibial slope produced net internal rotation of the
tibia relative to the femur, which increased ACL strain
values.21 Despite the increasing interest in tibial slope and
its association with ACL injury, the level of risk posed by
TABLE 6
Posterior Tibial Slope Between Female and Male Patientsa
Parameter All (N ¼ 200) Female (n ¼ 51) Male (n ¼ 149) P Value
Medial tibial slope, deg 5.3 ± 5.6 (–14.0 to 23.3) 5.8 ± 5.2 (–12.5 to 23.3) 5.1 ± 5.7 (–14.0 to 18.0) .36
Lateral tibial slope, deg 2.1 ± 5.3 (–10.4 to 21.7) 1.6 ± 5.5 (–6.1 to 21.7) 2.3 ± 5.3 (–10.4 to 15.7) .43
aData are reported as mean ± SD (range).
TABLE 5
Posterior Tibial Slope Between the Intact and Injured Groupsa
Parameter All (N ¼ 200) Intact ACL (n ¼ 100) Injured ACL (n ¼ 100) P Value
Medial tibial slope, deg 5.3 ± 5.6 (–14.0 to 23.3) 5.0 ± 5.4 (–14.0 to 17.5) 5.5 ± 5.7 (–12.5 to 23.3) .50
Lateral tibial slope, deg 2.1 ± 5.3 (–10.4 to 21.7) 1.3 ± 4.9 (–9.0 to 14.9) 3.0 ± 5.6 (–10.4 to 21.7) .026
aData are reported as mean ± SD (range). Bolded P value indicates statistically significant difference between intact and injured groups (P
< .05). ACL, anterior cruciate ligament.
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this anatomic factor remains unclear.6 We found no signif-
icant difference in medial posterior tibial slope between the
ACL injured and uninjured groups, which differs from the
results of a similar study in pediatric patients that found
an increase in the medial posterior tibial slope in the
ACL-injured group compared with the uninjured group.27
However, many other previous studies have shown that
the lateral posterior tibial slope is a risk factor for ACL
injury.6,10,21,25,32 A sex-related difference in bony morphol-
ogy was hypothesized because many previous studies found
that female participants had a greater propensity for ACL
injuries than male participants.4,27 However, we did not
find such a difference in posterior tibial slope in our Korean
pediatric population.
In terms of clinical relevance, the convex shape of the
lateral aspect of the tibial plateau has been recognized as
important, but few studies have attempted to correlate the
degree of convexity with the risk of ACL injury. Nonethe-
less, a lateral tibiofemoral articular surface characterized
by a shorter and more convex tibial plateau relative to the
femur and by a smaller and more convex distal femoral
surface could render the knee joint more susceptible to
ACL injury in a Korean population. Although some studies
suggested that decreasing the tibial slope could benefit
ACL-deficient knees, tibial plateau geometry is largely
nonmodifiable.7
The findings of this and previous studies are important
for evaluating the strain on the ACL through simulated
weightbearing with varying degrees of posterior slope. Par-
ticipants with an increased tibial slope who participate in
high-risk activities should perhaps consider prophylactic
precautions. In any case, ACL injury-prevention programs
should focus on minimizing the loads transmitted to the
knee joint.6
Our study had several limitations. First, only Korean
pediatric patients were examined. Future investigations
should include other Asian-Pacific populations to establish
a general database in this region. Second, patients were
matched for age and sex, but they were not matched for
height, weight, or activity level. The absence of this infor-
mation could confound our data. Third, we attempted to
standardize our ACL-injured and uninjured groups to elim-
inate bias caused by differences in activity level, but we
could not eliminate all differences. Fourth, the differences
associated with age were not considered because the sam-
ple was not large enough. Also, ACL injuries were rare in
young children, and age was unevenly distributed. Fifth,
the design of this study was retrospective, although it
would be difficult and costly to image and follow uninjured
participants prospectively in anticipation of ACL injuries.
CONCLUSION
This study compared sagittal tibiofemoral joint morphology
between Korean pediatric patients with and without ACL
injuries and considered sex-related differences. The fem-
oral and tibial curvature as well as lateral tibial slope
showed significant difference between the injured and
intact ACL groups. The medial and lateral tibial slopes
were not associated with the incidence of ACL injury
between sexes, but the lateral tibial curvature was signifi-
cantly smaller in female patients. The differences found in
tibiofemoral joint morphology could contribute to the risk of
graft tears and outcomes from ACL reconstruction, but
comparative clinical studies are required to support that
possibility.
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